Background: Frailty confers risk for surgical morbidity and mortality. Whether patient-reported measures of health, well-being, or quality of life respond differently to surgery in non-frail and frail individuals is unknown. Methods: Older adults with severe aortic stenosis presenting for surgery were assessed for frailty using Cardiovascular Health Study Criteria. Patient-reported measures of functional capacity (Duke Activity Status Index [DASI]), physical and mental health (Medical Outcomes Study Short Form-Physical and Mental Component Scales [SF-12 PCS and SF-12 MCS, respectively]), well-being (linear analogue self-assessment [LASA]), and quality of life (LASA) were administered before and 3 months after surgery. Results: Of 103 participants (mean age of 80.6 years), 54 were frail. Frail participants had lower baseline DASI, SF-12 PCS, SF-12 MCS, physical well-being, and quality of life scores than non-frail participants. At follow-up, frail participants showed significant improvement in physical function, with DASI and SF-12 PCS scores improving by 50% and 14%, respectively. Non-frail subjects did not significantly improve in these measures. SF-12 MCS scores also improved to a greater extent in frail compared to non-frail participants (3.6 vs < 1 point). Furthermore, the frail participants improved to a greater extent than non-frail participants in physical well-being (21.6 vs 7.1 points) and quality of life measures (25.1 vs 8.7 points). Conclusions: Frailty is prevalent in older adults with severe aortic stenosis and is associated with poor physical and mental function, physical well-being, and quality of life. In response to surgery, frail participants exhibited greater improvement in these patient-centered outcomes than non-frail peers.
Cardiovascular disease (CVD) remains the leading cause of death in the United States. The number of operations and procedures for CVD increased by 28% between 2000 and 2010 (1) and will further escalate in concert with population aging. Increased mortality and morbidity risk is an inherent challenge of operative decisions for older adults with CVD. An improved understanding of the association between surgical risk and surgical benefit has the potential to optimize medical management decisions.
Frailty is a geriatric syndrome resulting from declines across multiple physiological systems (2) . Frailty is a predictor of operative complications, prolonged hospital stay, disability, institutionalization, and mortality in older patients (3) (4) (5) (6) . Moreover, when phenotypically characterized using Cardiovascular Health Study (CHS) criteria (7) , frailty improves the predictive power of conventional risk models, including the American Society of Anesthesiologists score, Lee score, and the Eagle score for adverse health outcomes (3) .
Frailty is prominent in the context of CVD (8) . Older adults with either subclinical signs or overt CVD may exhibit up to 7.5-fold higher prevalence of frailty than those without CVD (9) . Following surgery for CVD, frail older adults experienced greater postoperative complications, prolonged length of stay and in-hospital mortality, discharge to an institution, and reduced midterm survival (10) . Thus, frailty is prevalent in older adults with CVD and can be used to identify those at higher risk for poor surgical outcomes.
Inherent risks of invasive interventions must be weighed against potential benefits including improvements in symptom burden, physical and mental health, and quality of life. In the context of CVD, recent studies have demonstrated improvements in health status and quality of life outcomes following surgery (11, 12) . However, differences in patient-centered outcome measures between lower-risk and higher-risk participants were not interrogated. Given the decisive impact on risk for adverse health outcomes, there is a pressing need to better understand how frailty status affects patient-centered outcomes.
Herein, we assessed the prevalence of frailty in older adults presenting for surgical valve replacement due to severe aortic stenosis, a prevalent age-associated CVD (13) .We prospectively ascertained physical capacity, physical and mental function, five domains of well-being, and overall quality of life through selfreport at baseline and follow-up. Our objectives were to determine the extent to which surgery affected measures of physical and mental health and quality of life, and examine how changes in these patient-centered outcomes compared between non-frail and frail study participants.
Methods

Study Protocol and Participants
The Mayo Clinic Institutional Review Board approved this study and informed consent was obtained from each participant. A convenience sample of patients aged 65 years and older diagnosed with severe aortic stenosis and scheduled to undergo transcatheter (TAVR) or surgical aortic valve replacement (SAVR) was recruited at Mayo Clinic in Rochester, MN as previously described (14) . Before surgery, participant demographic characteristics, medical and surgical history, New York Heart Association (NYHA) classification, and Society of Thoracic Surgery (STS) risk index, were ascertained by interview, physical exam, and electronic medical record review.
Frailty Assessment
Frailty was assessed before surgery using CHS criteria; weak grip strength by electronic dynamometer, slow walk speed assessed by a handheld ultrasonic monitor, self-report of low endurance and energy on the Center for Epidemiological Studies Depression Scale, unintended weight loss greater than or equal to 10 lbs. in the prior year, and low physical activity by the Physical Activity Scale for the Elderly (7). Participants with three or more criteria were classified as frail.
Adverse Health Outcomes
Following surgery, participants were monitored for adverse events using the Society of Thoracic Surgeons National Database, which includes infection, reoperation, neurologic, pulmonary, renal, and vascular events. Rehospitalizations and deaths were monitored for 1 year.
Patient-Centered Outcome Measures
Patient-reported outcome measures were completed prior to surgery and at 3 months after hospital discharge. Functional capacity was assessed using the 12-item Duke Activity Status Index (DASI) (15) . Physical and mental function were measured using the Physical Component Scale (PCS) and the Mental Component Scale (MCS) from the 12-item short form general health survey (SF-12) (16). Linear analogue self-assessment scales-from 0 ("as bad as it can be") to 10 ("as good as it can be")-of mental, physical, emotional, and spiritual well-being, level of social activity, and overall quality of life during the past week were also administered (17) . Scores were linearly transformed to a 0-100 point scale for analysis.
Statistical Analyses
Continuous variables were summarized as mean ± standard deviation (SD) and the Student t test was used to test for differences between frail and non-frail groups. Categorical variables were summarized as N (%) and the chi-square test was used to compare between frail and non-frail groups. Logistic regression was used to calculate odd's ratios and confidence intervals for adverse events, rehospitalization, and death.
Results
Subject Characteristics
Demographic and clinical characteristics of 103 study participants (42 women, 61 men) with severe aortic stenosis are presented in Table 1 .
Frailty in Older Adults With Severe Aortic Stenosis
Fifty-four study participants (52%) were frail. Frail participants were slightly older, more likely to be female, and had significantly slower walking speed (0.71 vs 1.06 m/s, p < .001) and 43% weaker grip strength (22.5 vs 32.2 kg, p < .001) than non-frail participants (Table 1) .
Frailty, Disease Status, and Comorbid Conditions
Parameters of aortic stenosis severity, including mean gradient and ejection fraction, did not differ between frail and non-frail participants. However, aortic valve area was 14% smaller in frail individuals (0.77 vs 0.90, p < .001). Frail participants had higher NYHA and STS scores (both p < .001), with the latter predictor of mortality exceeding 8.6%. Coexisting conditions and prior procedural interventions were prevalent in both frail and non-frail study participants. Prior atrial fibrillation or flutter and peripheral vascular disease were more prevalent in frail than non-frail participants (Table 1 ).
Postoperative Adverse Events
The incidence of monitored adverse events did not significantly differ between frail (67%) and non-frail (55%) study participants during the hospital stay (p = .23). However, a greater percentage of frail (37%) compared to non-frail (18%) participants were rehospitalized one or more times (OR = 2.61, 95% CI, 1.08-6.75, p = .038). One-year all-cause mortality following hospital discharge trended to be higher in frail (13%) compared to non-frail (4.3%) individuals (OR = 3.35, 95% CI = 0.76-23.3, p = .144).
Changes in Patient-Centered Outcomes Following Aortic Valve Replacement
Eighty participants (78%) completed both baseline and followup patient-reported outcome measures. There were no significant differences in baseline scores between responders and nonresponders in any patient-reported outcome measure (data not shown).
Self-Reported Physical Function
At baseline, non-frail participants had significantly higher functional capacity by DASI (30.3 vs 12.9, p < .001) and physical function by SF-12 PCS (38.9 vs 30.6, p < .001) than frail participants. However, non-frail participants failed to improve in either of these measures at 3 months following surgery. In contrast, frail participants exhibited significantly improved DASI (6.5 points, or 50% improvement) and SF-12 PCS (4.4 points, or 14% improvement) scores at 3 months post-discharge (both p < .05) ( Figure 1A and B).
Self-Reported Mental Function
Non-frail participants had significantly higher mental health by SF-12 MCS than frail peers at baseline (54.9 vs 49.4, p = .005). Three months after surgery, scores for the non-frail group improved less than a point (p = .776). On the other hand, scores for the frail group trended towards improvement (49.4-53.0, p = .082) ( Figure 1C ).
Self-Reported Well-Being and Quality of Life
At baseline, non-frail participants had significantly higher physical well-being (p < .001), social activity (p = .029), and quality of life (p < .001) than their frail peers (Table 2 ). When combined, study participants demonstrated significant improvements in all measures of well-being, social activity, and overall quality of life after surgery. Further analysis revealed that frail participants improved to a greater extent than non-frail participants in physical well-being (21.6 vs 7.1 points, p = .004) and quality of life (25.1 vs 8.7 points, p < .001) ( Table 2) . As a result, no differences were observed between non-frail and frail individuals in any measure of well-being or quality of life at follow-up (Table 2 ).
Discussion
Our study reveals the robust influence of frailty on patient-centered measures of physical and mental health, well-being, and quality of life in older adults with CVD. Potential gains in these patient-centered outcomes are important to be weighed against the anticipated risks associated with surgery in vulnerable older adults. This is particularly true for severe aortic stenosis, a condition for which SAVR and TAVR confer a significant survival benefit over standard therapy.
To our knowledge, our study is the first to examine the extent to which patient-centered outcomes compare between frail and non-frail persons. Baseline functional capacity, physical function, and physical well-being were significantly compromised in frail older adults with severe aortic stenosis. Despite this, frail participants improved to a greater extent than non-frail peers in DASI, SF-12 PCS, and physical well-being scores in response to SAVR and TAVR. Improvements in these parameters were clinically meaningful (18) (19) (20) . Quality of life prior to surgery bordered the threshold of 50 among frail participants, a score below which interventions are warranted (21, 22) . However, this important measure increased an impressive 22 points following surgery, a change that far exceeds a clinically important difference. These data suggest that compromised physical health, well-being, and quality of life can be markedly and meaningfully improved by surgery in higher risk older adults. Additional work is needed to understand the durability of these improvements in frail and non-frail older adults with distinct forms of CVD and other age-related conditions.
Our data add to the existing evidence that CHS frailty criteria can be used to identify higher risk surgical candidates (3, 10) . Despite generally comparable age, disease severity, cardiac function, and comorbid disease burden, rehospitalizations and death were twice as common in frail compared to non-frail older adults receiving SAVR or TAVR. Opportunities to minimize risk and optimize outcomes among vulnerable older adults include "prehabilitation" strategies (eg, exercise, diet, drugs) to optimize resilience (23) , and innovative transitional care plans to minimize surgical complications and adverse events. Indeed, more research is needed in these domains.
How chronological age, disease severity, comorbid conditions, and frailty individually and collectively influence patient-centered outcomes of health and quality of life is not well understood. Correspondingly, how these variables are affected by a very specific disease-modifying intervention, TAVR or SAVR, is also not clear. It is plausible that surgery enhanced physiological integrity, or strengthened the "weakest link" of frail participants, to attenuate frailty and improve patient-centered outcomes. A weakness of the study is that we did not reassess frailty in participants at follow-up. Considerable work is needed to disentangle the basic biology underlying compromised resilience and the mechanisms by which targeted interventions bestow multi-system benefit.
In summary, frailty is prevalent in older adults with severe aortic stenosis and is associated with increased adverse outcomes and mortality risk following SAVR and TAVR. Frail participants reported substantially lower functional capacity, physical function, social activity, and quality of life than non-frail participants prior to surgery. However, frail older adults exhibited more robust improvements in important patient-centered outcomes after surgery than non-frail counterparts. Our data further support frailty measures and patient-centered outcomes as tools to guide clinical decisionmaking. Additional research is needed to understand the impact of Note: For within group comparisons, * and **denote a significant difference between baseline and 3-months after surgery by paired t test at a significance of p < .05 and < .01, respectively. a Between group comparisons by unpaired t test. was assessed prior to and 3-months after surgery using the Duke Activity Scale Index (DASI). (B) Self-reported physical function was measured using the Medical Outcomes Survey SF-12 Physical Component Scale (PCS).
(C) Self-reported mental function was determined by the SF-12 Mental Component Scale (MCS). * and *** denote a significant change from baseline by paired t test at a significance of p < .05 and < .001, respectively.
frailty-mitigating interventions on surgical, medical, and patientcentered outcomes in vulnerable older adults.
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